Abstract Because of evidence implicating oxidative stress in multiple sclerosis pathogenesis, it has been postulated that high levels of urate, a potent antioxidant, could reduce risk or favorably influence disease progression. We conducted a prospective study to determine whether serum urate levels contribute to prediction of multiple sclerosis risk. Analyses included 31 cases with blood collected a median of 1.9 years before multiple sclerosis onset from the Nurses' Health Study and Nurses' Health Study II cohorts, and 42 cases with collection a median of 14.5 years before onset from the Kaiser Permanente Northern California health plan cohort. Relative risks were estimated by unconditional logistic regression, including 26 controls in the Nurses' cohorts and 130 controls in the Kaiser cohort. In analyses including only cases in the Nurses' cohorts where blood was collected shortly before onset, there was a trend toward a lower risk of multiple sclerosis among individuals with higher serum urate, but the association was not significant (multivariable relative risk 0.52, 95% CI 0.22, 1.20, p value 0.13). In contrast, there was no evidence of a decline in risk with increasing serum urate in the Kaiser cohort where there was a longer period of time between blood collection and onset (multivariable relative risk 1.36, 95% CI 0.87, 2.14, p value 0.18). The results of this study suggest that serum urate is not a strong predictor of MS risk. This lack of association is consistent with the interpretation that the lower urate levels among multiple sclerosis cases are a consequence rather than a cause of the disease.
Introduction
Individuals with multiple sclerosis (MS) have lower serum uric acid (UA) when compared to controls [9] [10] [11] 15] . Because of evidence implicating oxidative stress in MS pathogenesis [4] , it has been postulated that high levels of urate, a potent antioxidant [17] , could reduce risk or favorably influence MS progression [4] . This hypothesis is supported by observations that experimental allergic encephalomyelitis, an animal model of MS, can be prevented or attenuated by increasing serum UA [6, 7] . However, it is unclear whether the decreased levels of UA in MS cases precede the disease onset or are a consequence of the disease itself. We therefore conducted a prospective study to determine whether serum urate levels predict MS risk.
This study has been approved by the Institutional Review Boards of the Harvard School of Public Health, Boston, MA, and the Kaiser Foundation Research Institute, Oakland, CA.
Methods

Study population
The study population comprised a subset of participants in the Nurses' Health Study (NHS) and Nurses' Health Study II (NHS II) cohorts, and of members of the Kaiser Permanente Northern California (KPNC) health plan.
NHS and NHS II
The NHS was initiated in 1976, when 121,700 female registered nurses in the United States completed a mailed questionnaire about lifestyle factors and medical history. The NHS II began in 1989, when 116,671 female registered nurses completed a similar questionnaire. Every 2 years participants of both studies are mailed follow-up questionnaires in order to update information on possible risk factors for disease as well as identify newly diagnosed illnesses.
Participants from both cohorts were asked to provide blood samples to be analyzed for biomarkers of chronic disease. Between 1989 and 1990, 32,826 participants from the NHS provided blood samples; and blood was collected between 1996 and 1999 from 29,613 women in NHSII. Each participant used a collection kit and sent the blood sample by overnight delivery to our lab. Ninety seven percentage of the blood samples were delivered within 26 h of being drawn [1] . Blood samples were centrifuged and the components were aliquoted into cryotubes and stored in liquid nitrogen freezers until they were sent to the laboratory for analysis.
Case and control blood samples were analyzed at the Clinical & Epidemiologic Research Laboratory at Boston Children's Hospital. Lab technicians were blinded to the case status of the samples. The concentration of uric acid was determined using a colorimetric enzyme assay on the Hitachi 917 analyzer (Roche Diagnostics-Indianapolis, IN). The coefficient of variation, determined from blind quality control samples included with the study samples, was 17.2% [8] .
The process by which MS cases are identified has been previously described [5] . Briefly, we asked women who self-reported a diagnosis of MS after baseline permission to contact their neurologist to complete a questionnaire on the certainty of their diagnosis (definite, probable, possible, not MS), clinical history (including date of diagnosis and date of first symptom of MS), and laboratory tests. If the patient's neurologist did not respond, the questionnaire was sent to the patient's internist. Only definite and probable cases of MS are included in this study. The diagnoses reported by the neurologist were previously validated in a subset of 39 cases [5] . Study neurologists, who were blinded to the treating neurologists' diagnosis, confirmed 93% of cases diagnosed with definite or probable MS by the treating physicians. Therefore, in this study we confirmed cases as definite or probable MS based on the treating neurologists' diagnosis. Overall, 31 MS cases were included. Each of the 31 MS cases was matched with one control on year of birth and cohort (NHS or NHSII). Five control serum samples had missing UA values because the quantity of serum was insufficient to do the assay, so that analyses included 31 cases and 26 controls. In 18 of the women with MS, blood was collected before the onset of the first symptoms of MS (median: 1.9 years before onset). In the remaining 13, blood was collected after the onset of neurological symptoms, but before a diagnosis of MS was established.
Kaiser Permanente Northern California
The KPNC cases and matched controls were selected from the cohort of men and women who participated in a multiphasic examination between 1965 and 1974. During that period new members to the health plan were asked to provide a blood sample and answer a questionnaire on health history and medical risk behaviors. One hundred thousand KPNC members provided blood samples which were measured for serum UA. Concentrations of serum UA were measured by an AutoAnalyzer from July 1964 to March 1969, by an AutoChemist from April 1969 to January 1972, and by an SMA 12/60 analyzer thereafter [3] . Because UA was measured at baseline soon after the blood samples were collected, there is no concern related to the storage of these blood samples.
Kaiser Permanente Northern California maintained medical records for all members who provided serum samples and electronically stored all summaries of inpatient and outpatient visits for these members. Between the years of 1995 and 1999 the electronic databases which housed these medical records were searched for MS diagnoses and 70 cases were identified. Each case was matched to two controls from the serum database on age at time of blood collection (± 1 year), sex, and date of blood collection. The controls were active members of KPNC at the time the matched cases occurred and had no indication in their records of being diagnosed with MS. More detailed information on the establishment of the electronic databases and the method by which MS cases were identified and matched to controls has been described elsewhere [2] .
There were missing values of UA for nine of the 70 identified cases and 10 of the 140 matched controls, leaving 61 cases and 130 controls available for analyses. Serum was collected before the date of MS onset in 42 of the 61 MS cases. The cases included 37 females and 5 males. The median number of years between blood collection and MS onset for the 42 cases was 14.5 years with a range of 2 months to 32 years; the median number of years is 14 years for female cases and 15 years for male cases. The years of blood collection for these matched cases and controls span 1964 through 1970.
Statistical analyses
The primary analyses included only the 60 MS cases (18 from NHS/NHS2 and 42 from KPNC) with blood collected before the onset of symptoms. Odds ratios were used to approximate relative risks (RR) estimated by unconditional logistic regression including all controls (matched and unmatched) and adjusting for the matching factors in order to increase power. Analyses were performed within cohort.
In the NHS and NHSII models, the matching factor variables that were controlled for include age (5-year intervals) and cohort (NHS or NHSII); in the KPNC models the variables included age (5-year intervals), gender, and year of serum collection. The multivariable models for both cohorts were additionally adjusted for body mass index (BMI) as a continuous variable, blood pressure categories (normal, pre-hypertensive, and hypertensive), and smoking status (never, past, and current). A missing indicator variable was used for four controls with missing BMI in this model. The multivariable models for KPNC were also adjusted for race using skin color assessed by physician during multiphase check-up (white, black, and other). A detailed explanation of using skin color as a proxy for race in this cohort has been previously published [2] . The relationship between UA and the baseline characteristics were determined by ANOVA. Analyses were also performed adjusting for serum titers of immunoglobulin G antibodies against the Epstein-Barr virus nuclear antigen (EBNA), previously found to be a strong risk factor for MS in these and other cohorts [1, 2, 16] . Secondary analyses were conducted using blood from MS cases which was collected after onset of the disease. There were 13 cases in NHS and NHSII that had blood collected after the first sign or symptom of MS but before a medical diagnosis. In the KPNC cohort, there were 19 cases that provided blood after the date of first symptom or date of possible/probable diagnosis of MS [2] . Unconditional logistic regression analyses were performed using only these prevalent MS cases in each cohort and then combined with the cases whose blood was collected prior to the onset of MS.
Lastly, to better elucidate the relation between serum UA concentration and the onset of MS, we plotted these concentrations according to the time interval between serum collection and date of MS onset using the KPNC cohort. The KPNC cohort was used because it has a longer period of time between serum collection and MS onset (upper range of 32 years) as compared to NHS/NHS II (upper range of 6.5 years). To create this plot, we first removed extraneous variations in serum UA by regressing in a linear model the UA concentrations on age, year of serum collection, BMI, sex, blood pressure, race, smoking, and case status (MS case or control), and then used the Results Table 1 presents the baseline characteristics of the study population by tertile of serum UA in the control groups. As expected, higher serum UA concentrations were associated with increasing BMI, gender, and hypertension [12] . In the NHS/NHSII population, risk of MS decreased with increasing UA levels; a 1 mg/dL increase in UA was associated with an RR of 0.55 (95% CI 0.28, 1.10, p value 0.09). An inverse association of similar magnitude was found when adjusting for BMI, smoking status, and blood pressure categories (RR 0.52, 95% CI 0.22, 1.20, p value 0.13). In contrast, there was no evidence of a decline in MS risk with increasing serum UA in the KPNC population (RR for 1 mg/dL increase in urate: 1.10, 95% CI 0.78, 1.54, p value 0.60); results were similar after adjusting for BMI, blood pressure categories, smoking status, and race (RR 1.36, 95% CI 0.87, 2.14, p value 0.18). These associations remained non-significant after further adjustment for titers of IgG antibodies to EBNA. No significant association was found between tertile of serum UA and MS risk in either population ( Table 2 ).
The plot of the adjusted mean residuals of serum UA from KPNC MS cases shows increasing serum UA levels as years between serum collection and MS onset increases (p for trend 0.10) (Fig. 1) . Fluctuations between the mean serum UA concentrations of MS cases for the time intervals \1 years and 1-5 years may be the result of small case numbers.
Discussion
The results of this study suggest that serum UA is not a strong predictor of MS risk. In analyses including only MS cases with blood collected shortly before onset of MS, there was a trend toward a lower risk of MS among individuals with higher serum UA, but the association was not significant.
An important limitation of our study is that the KPNC is a retrospective cohort, where criteria for eligibility were met at the end of the follow-up period, long after the recruitment and collection of blood samples. This study design is vulnerable to selection bias from differential loss to follow up. Specifically, individuals with severe MS could be more likely to be lost to follow-up, either because of death or because of loss of health insurance or change to a different health plan. If, as it has been suggested [13, 15] , high levels of serum UA slow MS progression, individuals with high UA could be overrepresented among the cases, thus creating a spurious positive association between serum UA and MS risk (Table 3) . Findings from case-control studies conducted on UA and MS, revealed an inverse association between serum UA concentrations and MS risk, but could not explore the temporal nature of this relationship and are thus subject to bias from reverse causality [7, 11, 15] . The lack of association in our study between serum UA and MS risk is consistent with the interpretation that the lower UA levels among individuals of MS are a consequence rather than a cause of the disease. A decrease in serum UA among individuals with MS could be the result of the scavenging activity of UA for peroxynitrite, which is produced as a result of the inflammatory process that occurs in MS. Because the inflammatory process leading to MS starts before the clinical onset, this decrease may also explain the inverse association between UA and MS risk in the NHS. Because women have lower urate levels and higher risk of MS, analyses not adjusted for sex would find a lower risk of MS in individuals with high urate levels. However, the interpretation of such analyses would be difficult, because the association between urate and MS could be confounded by many other differences between men and women.
It has been hypothesized that high levels of serum UA could be beneficial in patients with MS [14] . Our results do not address this hypothesis, which is currently being evaluated in randomized trials of inosine, a UA precursor.
